Background: The use of patient simulators in ophthalmic education appears limited. This study examines the effects of the addition of the 'Virtual Refractor' patient simulator learning activity into a short unit preparing students to determine the power of the spectacle lenses required by patients in a clinic. Methods: Twenty-four year one optometry students were randomly assigned to either the simulator-intervention group (n = 12) or the non-intervention group. All students attended tutorials on refraction and the use of a refractor-head. Simulator-intervention students additionally attended a tutorial on the Virtual Refractor. All answered a questionnaire concerning time spent studying, perceived knowledge and confidence. Twenty-four short-sighted patients were recruited. Two refractions per student were timed and the accuracy compared with that of an experienced optometrist. Results: Ten students from each group completed the study. Students who used the simulator were significantly (p < 0.05) more accurate at a clinical level (within 0.22 AE 0.22 DS, 95 per cent CI 0.12-0.32) than those who did not (within 0.60 AE 0.67 DS, 95 per cent CI 0.29-0.92) and 13 per cent quicker (4.7 minutes, p < 0.05). Students who used the simulator felt more knowledgeable (p < 0.05) and confident (p < 0.05), but had spent more time reading about refraction and practised on the Virtual Refractor at home for 5.7 AE 1.3 hours. Conclusion: The Virtual Refractor has many features of high-fidelity medical simulation known to lead to effective learning and it also offers flexible independent learning without a concomitant increase in the student time-burden. The improved accuracy and speed on first patient encounters found in this study validates the use of this patient simulator as a useful bridge for students early in training to successfully transfer theoretical knowledge prior to entering the consulting room. The translational benefits resulting from compulsory learning activities on a patient simulator can lead to reduced demands on infrastructure and clinical supervision.
of computers came computer-aided instruction, but early studies were simply descriptive, of poor design, and largely incapable of drawing conclusions regarding cost/time/ outcome benefits. 2 Now, simulation-based medical education is an entity with its own critical literature. [2] [3] [4] [5] [6] [7] [8] [9] [10] Extremely sophisticated computer simulators first arose in high-risk non-medical fields where mistakes have significant consequences (for example: aviation, the military, the nuclear industry). Surgery and anaesthesiology followed with interactive 3D-rendered virtual reality simulations of surgical procedures. [11] [12] [13] [14] Next came 'fullenvironment' simulators offering scenarios in settings where multidisciplinary 'carewith-consensus' 13, 15 require a shift in culture through a 'shared mental model'. 15, 16 However, the costs can be significant. Therefore, the use of simulation must ultimately translate into improved patient outcomes. One could argue that for the sake of the patient, ethically, educators should ensure simulations are designed so student learning translates into more efficacious and/or efficient patient encounters. Research that addresses acceleration of laboratory-based information toward better patient care is known as 'translational research' but is uncommon in simulation-based medical education, 9, 17, 18 and almost non-existent in other healthcare areas. 18, 19 To this end, in the late 1990s the 'Best Evidence Medical Education Collaboration' was convened to critically appraise simulationbased medical education literature against a set of predetermined questions concerning quality, utility, extent and strength of evidence, and so on. 6 Subsequently, systematic reviews and meta-analyses of the literature emerged 3, 5, 7 and highlighted those particular design factors that lead to effective learning 3, 5, 7 and usefulness of simulators in translational outcomes. 18, 19 In ophthalmology, where mistakes can have very serious consequences, simulations are used extensively within limited scenarios. [20] [21] [22] However, reports of well-designed and controlled studies regarding the validity, efficacy and cost-effectiveness of these activities are absent. 23 Despite reports of computer-aided instruction appearing as early as 1976 in optometry, 24 15 years later a comprehensive audit of computer-aided instruction reported no further significant developments. 25 In 1992, Alexander 26 described a sophisticated patient simulator he had developed to train skills in refraction. Several iterations were undertaken across various platforms that were increasingly well-received by students. 27 The simulator (Figure 1 ) mimics the process of refraction as undertaken by a practitioner using a refractor-head. The name 'Virtual Refractor' was coined late in the 1990s. 28 By then, many features that define a high fidelity medical simulator 5 The pyramid progresses from 'Knows' at the base to 'Does' at the tip. Many argue that simulation-based learning falls under the 'Shows' more than the 'Does' part of the pyramid because the student is not actually taking responsibility for patient care. 30, 33, 34 Despite extensive use of the VRPS for over two decades to train the University of New South Wales undergraduate optometry students, its educational value and effectiveness were not formally investigated.
The purpose of the current study was to observe translational effects after implementation of the VRPS early in an optometric program. The particular experimental design strategy utilised two teaching paradigms currently adopted in Australian schools of optometry to prepare students for clinical practicals (lectures/tutorials/practicals versus lectures/simulator/tutorials/ practicals). The main competency outcome variables were 'time taken' and 'accuracy' of the refraction.
Methods
The study was approved by the University of New South Wales Human Research Ethics Committee. Based on the Declaration of Helsinki, each participant gave informed signed consent after an explanation of the nature and possible consequences of the study was provided and a guarantee of anonymity. Twenty-four year one undergraduate optometry students were recruited and randomly assigned into two groups: a Virtual Refractor intervention group (VRef group) and a control non-intervention group (nonVRef group). These students were less than one year out of high school without clinical experience, and therefore there were no exclusion criteria. Students were particularly recruited for this study in the first year because a compulsory VRPS assignment is an early part of the second year curriculum, when it would no longer be possible to isolate a control group.
All participants attended two one-hour instructor-led tutorials in a teaching clinic to describe the principles underpinning 'subjective' refraction and the practical use of the refractor head. All received the manual describing the complete procedures of subjective refraction and were asked to track their hours spent reading about refraction, and if in the VRef group, time using the VRPS software. The VRef group additionally received a one-hour tutorial on the use of the VRef software, a home-licence, and a VRPS software manual laid out similarly to the standard manual. VRef participants were also required to submit two computer-randomly generated patient-simulator case reports per week for four weeks, without specification as to the standard required.
After four weeks, all participants answered a questionnaire concerning time spent reading about refraction techniques and their perception of preparedness and confidence to undertake a refraction on a real patient (five-point Likert scale: five = quite knowledgeable, one = not at all knowledgeable). Both groups were aware each had the same intended learning outcomes and that an analysis of their ability to refract two patients would follow four weeks later.
Twenty-four young adult patients with moderate myopia were recruited. Their refraction would be first determined subjectively by an experienced optometrist (Chief Investigator, author MA) and immediately thereafter objectively (the mean of five readings on a HOYA AutoRefractor-570, Tokyo, Japan). Two patients were randomly assigned to the 12 students in each group. Neither students nor patients were informed of the previous results. Forty-five minutes was allocated for each student practitioner subjective refraction. Thus, each patient was examined successively: by the Chief Investigator, the autorefractor, two students randomly from each of the VRef and the non-VRef groups. Randomisation of only the student groups and not order of testing reduces the possible influence caused by patient fatigue or familiarisation with the procedures upon student findings. At the conclusion of the patient refractions, non-VRef students were given a home license and a tutorial on the use of VRPS software.
Statistical analysis
The data collected comprised spherical lens power, cylindrical power and axis, time taken, plus student ratings for confidence and perceived knowledge. Group means for lens power, cylindrical axis, time taken and student ratings are stated AE standard deviation. However, where group means are compared, the associated standard error of the mean is shown. As the refraction process concludes with both eyes viewing simultaneously, and vision is compared right against left eye, analysis that considers the data of both eyes is necessary. Therefore, a nested analysis (linear mixed model) was used to permit specification that data between patients is independent, yet right/left eye refractions are not independent.
Correlation analyses were carried out using the Pearson r test. All analysis was performed using Statistical Package for Social Sciences 16.0 (SPSS Inc., Chicago, Illinois, USA) and an alpha value set at 0.05.
The subjective refractive errors as determined by the Chief Investigator were found from the linear mixed model to not differ significantly from the objective autorefractor findings on the sphere (−3.17 AE 1.77 versus −3.11 AE 1.73, respectively) and the cylinder (−0.64 AE 0.59 versus −0.43 AE 0.70), thus confirming the subjective refractions of the Chief Investigator. As this study focuses on the accuracy of a 'subjective' refraction, the Chief Investigator subjective refraction data was used for comparison with student subjective refractions.
As student lens powers can be greater than or less, differences were analysed in absolute terms. Cylinder axis was only compared between the Chief Investigator and autorefractor when the Chief Investigator had found ≥ 0.75 DCyl, as accuracy of cylinder axis location becomes disproportionately more difficult for the patient to discern (and also the autorefractor) with decreasing cylinder power. Epidemiological studies on refractive errors typically ignore actual cylinder axis orientation and simply use 'spherical equivalent refraction'. Spherical equivalent format was used during evaluation of questionnaire responses against the accuracy of student refractions.
Results
Ten students from each group completed the study and subjectively refracted two of 20 patients. All VRef students submitted eight case reports as required.
Time taken
On average, VRef students were 4.7 minutes (12.9 per cent) faster (p < 0.001) per patient undertaking subjective refraction than non- VRef students (31.5 AE 9.15 and 36.2 AE 7.8 minutes, respectively) ( Figure 2 ). Only one VRef student was slower than any non-VRef student refracting the same patient, and two took an identical amount of time to a non-VRef student.
Refractive results
In comparing student subjective refractions against those of the Chief Investigator, highly significant differences (df 38, 1 F = 34.59, p < 0.001) were found ( Figure 3 ). VRef student spheres and cylinders were significantly more accurate (p < 0.001), not only in a statistical sense but also at a clinical level, as the mean difference between the two student groups was 0.48 AE 0.11 DS for the sphere and 0.28 AE 0.07 DC for the cylinder. Differences regarding the cylinder axis were less significant (p < 0.03). The difference for VRef students was 8.3 AE 14.1 degrees (which improved as cylinder power increased) but for non-VRef students was 20.9 AE 33.4 degrees and unrelated to degree of cylinder power.
Questionnaire outcomes
The mean time spent reading about subjective refraction was significantly greater (p = 0.008) for VRef students (2.0 AE 0.7 hours) than non-VRef ( Regarding perceptions of theoretical background, VRef students perceived their knowledge on subjective refraction to be greater than that of non-VRef students (mean rating 2.9 AE 1.03 and 1.6 AE 0.51, respectively, p < 0.05). Increasing accuracy of clinical refractions was associated with increased perceptions of understanding for both groups (p < 0.05, r 2 = 0.119). Confidence was greater in the VRef group than the non-VRef group (mean rating 2.6 AE 0.7 versus 1.4 AE 0.5), but the translation of this confidence into more accurate refractive outcomes was strong only for non-VRef students.
Discussion
This study has shown that novice optometry students assigned a VRPS learning activity spend greater time on contextually relevant home-based tasks than students who are not assigned the activity, despite identical clinical goals. Significantly better time Figure 2 ), the scatterplot shows the difference in the subjective sphere against that found by the Chief Investigator (= 0.00 on the y-axis) for each occasion in which a patient was refracted by one of the 10 students in the non-intervention group (solid grey dots) and one of the 10 students in the Virtual Refractor intervention group (black circles). The intervention group was significantly more accurate (p < 0.001) than the non-intervention group. B: For each of the 20 patients (displayed in the same order across the x-axis as shown in Figure 2 ), the scatterplot shows the difference in the subjective cylinder against that found by the Chief Investigator (= 0.00 on the y-axis) for each occasion in which a patient was refracted by one of the 10 students in the non-intervention group (solid grey dots) and one of the 10 students in the Virtual Refractor intervention group (black circles). The intervention group was more accurate (p < 0.03) than the non-intervention group. Each student saw two patients.
efficiency and greater accuracy for all three elements of the spectacle prescription were also demonstrated. This finding suggests that the early introduction of the VRPS into a study program is warranted, as introduction late in training yields equivocal transitional outcomes.
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The findings are consistent with studies in other areas of health-care that describe the importance of virtual programs in the development of understanding, confidence and performance. 16, 18, 19, 35, 36 This report adds to the limited literature on simulation-based medical education in eye-care training, and on translational clinical performance outcomes. The questions raised by introducing an expensive teaching tool into an already burgeoning program are discussed below. Does the addition of home-based learning add to the student workload? The compulsory University of New South Wales year two VRPS module involves: (i) a one-month home licence; (ii) submission of 20 patient reports covering a specified range of refractive scenarios each graded ≥ 80 per cent; and (iii) a 20-minute computer-lab test hurdle on four patient-simulations to validate home training. Eight hours of related clinical laboratories per student were arbitrarily removed during the early 2000s without notable effect on grades (Junghans, pers. comm., 2009), a one-third reduction. This study has shown that students assigned the VRPS do not add to their overall workload because the hours spent learning independently are more than offset by the reduction in face-to-face classes. Importantly, VRPS students spent more time reading which was then associated not only with a significant improvement in clinical times (a point noted also in other literature 9 ) but also improved clinical accuracy. Whether this motivation derived from the need to submit case reports or simply VRPS engagement was not questioned, but any additional staff workload to ascertain that the correct number of cases of sufficient standard are submitted is minimal.
Are the time savings significant? The complicated process of refracting typically takes 7-10 minutes by an experienced practitioner with 'mastery' over clinical techniques and patient care. Yet, the 'beginner refractionist' typically takes over 30 minutes. This can lead to patient fatigue and/or tension, that in turn confounds the selection of appropriate endpoint lenses. In agreement with many publications describing simulators, 2, [12] [13] [14] 30 the design of the VRPS gives students the opportunity to rehearse with a deliberate focus until set standards are reached. Furthermore, this occurs without compromising patient comfort or risking fatigue, nor does the student suffer embarrassment when good optical correction appears elusive. Difficulties regarding patient recruitment are avoided. Although the time gains per refraction appear modest, with over 80 students per class, significant cost savings for supervisors and allocation of costly clinical laboratory and clinic space are achieved. Is learning to refract using the VRPS easier? Learning to refract simply by reading a textbook requires good imagination. However, despite prior courses on visual optics, novice students very poorly understand the consequences of changing retinal blur. The VRPS displays the patient response to any lens change 'as the patient reports it'. Therefore, even if the control group of novice students had an equivalent time 'reading about refraction' or being engaged in some written exercise (see 'limitations' below), it is doubted that equal performance at a clinical level would have resulted.
How does the VRPS theoretically rate? The Virtual Refractor incorporates most of the 10 foremost features of high-fidelity medical simulations claimed to lead to effective learning. 5 Availability of feedback is claimed to be the single most important feature of good simulation-based medical education 5 and the VRPS excels in this regard. The VRPS algorithm to grade appropriate to 'beginner level' was determined from empirical examination of cases submitted by beginner students over a 15-year period. This instantaneous teacher-defined benchmark allows students to monitor performance and provides motivation.
Other effective learning features incorporated into the VRPS are: (i) inherent clinical case variation including options to vary pupil size, age, accommodative amplitude; (ii) the tightly controlled optical/mathematical environment; (iii) unlimited practice through a random prescription generator; (iv) sub-categories to cover simple through to complex prescriptions demanding deliberate order of lens presentation strategies; and (v) good face validity. 17 Overall, the VRPS provides a unique form of individualised learning within a visual environment that closely conforms to the real patient care setting, further features that lead to more effective learning. 5 Objective assessment of students is facilitated by the VRPS internal patient classification and grading system. Additionally, the new online version of Virtual Refractor allows the teacher to interrogate the duration of online Grade for virtual patient (%)
Order of virtual refractor case submission y = 0.0825ln(x) + 0.8067 R 2 = 0.769 Figure 4 . Grades achieved for eight successive simulator case reports submitted by the 10 students using the patient simulation software Virtual Refractor over a fourweek period (two case reports required each week). It can be seen that on average, a grade of 95 per cent has been achieved by the time a student is ready to submit their sixth case.
participation for each student and provide personalised feedback backed by class statistics. Students commonly rate themselves as having greater confidence after using simulators. 37 Therefore, the finding that VRef intervention students were more confident is not surprising. Although confidence is generally taken to represent increased perception of understanding, student 'metacognition' (that is, being aware that you understand) is not necessarily accurate 38, 39 and may depend on the student cohort, as poor college performers display little metacognitive ability. 40 Students who engaged with the VRPS and believed they had greater knowledge, did demonstrate better accuracy. However, notably, students who come into our optometry program are generally in the top three per cent of school leavers, and albeit the relatively small sample size, it may be that the majority of our sample have reasonable metacognition, and strong motivation to learn and stay on task. Yet, one confounder exists: VRef students who were more confident also spent significantly more hours working on the VRPS, which alone could lead to greater confidence. The current study cannot determine whether improved clinical performance outcomes were due to the greater time put into independent study, or to factors such as deeper student engagement with the intrinsically positive features of the Virtual Refractor. For example, the lack of immediate feedback during home study for the non-VRef group may explain why they perceived their knowledge to be poorer than that of the VRef students.
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A noteworthy limitation of this study is the absence of matched activity hours for the 'control' non-VRef students. Non-VRef students were deliberately not offered opportunities to practise refracting, as space allocations is what using simulators explicitly seeks to avoid. However, two non-VRef students did practise and might therefore have been expected to perform relatively well on patients, and consequently drive an underestimate of the impact of engagement with VRPS. 9 However, they were slower and less accurate, perhaps because their practice session was devoid of feedback. Another control measure would have been to ask non-VRef students to submit a written exercise to balance the expected computer workload of the VRef students. Yet, the home-based VRPS time-allocation was hitherto unknown. Furthermore, students would rightly expect feedback for their written work, again defeating the purpose of minimising staff workload. A crossover design might yield further insights that mitigate some of the limitations of the current design. Another improvement to this study might have been to administer a knowledge test to both groups rather than ask students to simply rate their perceived knowledge.
Do the costs justify the end result? The number of hours taken to develop the Virtual Refractor to the point of having comprehensive capabilities was not monitored. The annual manpower savings for refraction practicals replaced by Virtual Refractor at the University of New South Wales may amount to just US$3,000 according to current pay rates for clinical demonstrators; however, viewed on a global and recurring basis, the power for cost-recovery alone may make the development of the software viable. This viability is aided by the enduring nature of the process of subjective refraction, which is largely governed by the physical laws of optics. Further cost-benefit analysis would be worthwhile.
Where to now for the Virtual Refractor? There is no other simulator of the refractive process with such comprehensive capabilities, yet anecdotally, the uptake of the VRPS has been slow in the Asia-Pacific region despite only token costs (author CB). The reasons may include: (i) the lack of evidence as to the benefits of such a simulator; (ii) access to large numbers of patients at no cost; (iii) a belief that final examination criteria for competency is with real patients, then so too should practice; (iv) a belief that mistakes during a refraction are never life-threatening and therefore patient-less practise is unnecessary; (v) lack of appreciation of the value of the confidence and competence gained for the common refractive errors, let alone difficult or complex refractive errors; (vi) establishing/ maintaining access to simulation software may be beyond the capabilities of educators with minimal information technology expertise/support; and (vii) a poor understanding and remoteness by those personnel authorising the international commercial crossinstitutional contracts and remuneration to the software developer. However, a more salient reason may be simply that in developing countries it is the custom for practitioners to use an inexpensive trial frame, not the more efficient refractor head. The fact that the thought processes behind lens selection and lens changes are the same appears lost.
As practitioners in developing countries with a potential half a billion patients switch to refractor heads, use of the Virtual Refractor may be enormous if marketplace changes motivate educators to shift to alternate educational resources for trainees.
Conclusion
This study addresses transfer of learning from foundational courses into the use of a highfidelity patient refraction simulator and thence into real patient care by students early in their optometric program. The VRPS has most of the medical simulator features that lead to effective learning faster, and with greater accuracy in subsequent real-life application. Although the sample size of this study is modest, the findings strongly suggest there are tangible benefits, including significant reduction in face-to-face teaching and demands on space and costly equipment, without changes to teaching facilities. Educators have an ethical obligation to explore how best to prepare students so that the patient experience is shorter, more comfortable and more efficacious.
